Introduction
Although the 20% decline in ionic radii 1 from La 3+ to Lu 3+ might be expected to lead to a reduction in coordination numbers for a series of analogous complexes, the actual situation is complicated. 2 Thus in the case of cyclopentadienyl lanthanoids, the coordination numbers of [LnCp 3 ] complexes decrease from 11 to 8 from [LaCp 3 ] to [LuCp 3 ] with intermediate 10 and 9 coordinate derivatives, 3, 4 whereas [LnCp 3 (thf)] (thf = tetrahydrofuran) complexes are all ten coordinate. 3, 4 Accordingly, it remains a challenge to harness the ionic radius reduction to engineer predetermined structural outcomes. However, use of multidentate ligands to cage or wrap the metal ions is a useful approach to block the coordination number change. 5 In conjunction with our studies of the anti-corrosion properties of rare earth cinnamates ([Ln(cinn) 3 ]) and 4-substituted cinnamates [Ln(4-Xcinn) 3 (solv) n ] (X = OH, NO 2 , Cl, MeO; solv = H 2 O/MeOH) 6, 7 (as potential replacements for the toxic 8 commonly used 9 metal chromates) where lanthanum 4-hydroxycinnamate proved to be the optimum compound, 6, 7 we have determined the structures of a range of rare earth cinnamates 10 in addition to earlier studies. 11 This revealed just two structural series, La-Dy (nine coordinate, 1-D polymer) and Dy-Lu, Y (seven coordinate, 1-D polymer), with Dy being able to crystallise in both forms. 10 In the case of [Ln(4-Xcinn) 3 (solv) n ] complexes, the better protection agents, considerable difficulty was encountered in obtaining single crystals, and only [Ce(4-OHcinn) 3 (MeOH) 2 (H 2 O)]ÁH 2 O was structurally characterised, 12 as well as an earlier isomorphous La complex. 13 Although X-ray powder diffraction suggested more than one structural class for each group with the same X substituent, crystallization difficulties frustrated establishing defined structural changes induced by lanthanoid contraction. This has led us to investigate complexation by the reduced 4-hydroxycinnamate, namely 3-(4 0 -hydroxyphenyl)propionate ions, in the expectation that replacing the rigid -CHQCH-linker of cinnamate by a more flexible -CH 2 -CH 2 -unit would facilitate crystallization and enable engineering of a progressive structural change as the Ln 3+ radius decreases. Accordingly, we now report the preparative procedures and structures of rare earth 3-(4 0 -hydroxyphenyl)propionates, [Ln(4hpp) 3 (solv) n ] and bimetallics [NaLn 2 (4hpp) 7 (solv) 2 ], where the lanthanoid contraction has been utilised to give several structural classes. In addition, [La 4 (4hpp) 12 (H 2 O) 6 ] was found to be ineffective as a corrosion inhibitor thereby showing the importance of the -CHQCH-unit in the effective inhibitor properties of lanthanum 4-hydroxycinnamate.
Results and discussion

Syntheses and characterisation
Metathesis reactions of rare earth metal salts with 3-(4 0 hydroxyphenyl)propionic acid (H(4hpp)) deprotonated in situ with aqueous NaOH, or the preformed sodium salt (mole ratio 1 : 3) yield rare earth complexes [Ln(4hpp) 3 (solv) n ] (Scheme 1 Ln = La (1), Ce (2a), Ho (5), Er (6), Lu (7)) ( (3), Nd (4)) were obtained regardless of the use of chloride or nitrate reactants. In several cases, the bulk product was obtained as a precipitate and single crystals were obtained by slow evaporation of the filtrate (3, 6, and 7). Single crystals of 2a were derived from recrystallization of the bulk product from ethanol, and crystals of 2b were mixed with the bulk product, whilst 1 and 4 were initially isolated as crystals. Precipitated 5 was microcrystalline but single crystals could not be obtained.
The characterisation of the bulk samples of compounds 1-7 was carried out after drying over silica gel to constant weight. This resulted in the loss of solvent of crystallisation for some of the complexes from the compositions derived by X-ray crystallography of single crystals. Thus, compounds 2a and 6 lost lattice solvent from the single crystal composition whilst both lattice and coordinated methanol of single crystals of 4 were replaced by water. However, bulk 1 and 2b had the same bulk and crystal composition.
On the other hand, microanalysis and TGA of bulk 7 were indicative of one more water of crystallisation than in the single crystals, suggesting that the powdered bulk material was hygroscopic.
The X-ray powder pattern of bulk 2b was in agreement with that simulated from single crystal data and was also in agreement with that of 3 indicating that 2b and 3 are isotypic (d-spacings, Experimental section, Fig. S1 , ESI †). It was different from that generated from crystal data for 4, which has coordinated methanol and methanol of crystallisation. Powder data of bulk 5 and 6 are in agreement but differ from that simulated from the crystal structure of 6, which has additional water of crystallisation ( Fig. S2 , ESI †). Consistent with the observation that bulk 7 has more water of crystallisation than single crystals, the powder pattern of the former differs from that simulated from single crystal data (d-spacings, Experimental section).
Broad infrared bands at 3600-3200 cm À1 (Table 1 ) are attributable to the overlap of n(OH) of water (both coordinated and lattice) and of the 4-hydroxy group of the 4hpp ligand. Antisymmetric carboxylate stretching gave rise to at least two intense bands at 1580-1515 cm À1 , whereas the symmetric mode gave only a single band at 1420-1404 cm À1 . The separation between n as (CO 2 ) ave and n s (CO 2 ) (145-104 cm À1 ) ( Table 1 ) is close to that (120 cm À1 ) of the sodium salt consistent 14 with the predominantly bridging nature of the carboxylate coordination (below). However, given the complexity of the carboxylate bonding (Table 2) , it is fruitless to seek further structure/IR correlation. This is well illustrated by the similarity of the n as (CO 2 ) frequencies of 4, 6, and 7, which have entirely different carboxylate coordination. The range of different bridging and chelating modes observed in the structures of this series of complexes is shown in Fig. 1 .
X-ray crystal structures
Monometallic 1D polymeric chains of [La 4 (4hpp) 12 with complex 1 having four unique metal atoms and 2a having two unique metal centres whilst 6 and 7 have only one unique metal atom. The coordination modes of the carboxylate ligands ( Fig. 1 ) vary both across the unique metal centres within the compound and more strikingly across the four different compounds ( Table 2 ). The two compounds of the larger metal ions, 1 and 2a, both show the same three different coordination (Table 2) (Table 2) , quite a profound change for a small change in ionic radius. Furthermore, 7 is the only complex without a solely chelating ligand (binding mode (i)) and the sole homoleptic complex without a water coligand even though it has water of crystallisation. Even though coordination of the metal centres La(3) and La(4) in complex 1 corresponds to those of Ce(1) and Ce(2) in complex 2a, the eleven coordinate La(1) and nine-coordinate La(2) have no counterparts in 2a. As a result, the 1D polymeric chain in complex 2a propagates in the mirroring of the asymmetric unit in the sequence of Ce (1) (Fig. 2 ). In the asymmetric unit of complex 1, the two nine coordinate metal atoms, La(2) and La (3) 3 ] which has nine and 11-coordinate La atoms. 16 In ten coordinate [La 2 (ad) 3 18 and ten coordinate Ce in cerium pimelinate, respectively. 19 The asymmetric unit of complex 1 is almost linear with angles of 170.11 and 170.61 between La(1)-La(2)-La(3) and La(2)-La(3)-La(4), respectively. However, the angles formed between adjacent asymmetric units are smaller (150.51 and 150.41 between La(4)#-La(1)-La(2) and La(3)-La(4)-La(1)#, respectively). This results in a slight wave with nodes between the repeating asymmetric units in the 1D polymeric chain (Fig. 2) . Most of the chelating carboxylates have varying degrees of asymmetry with the exception of ligands O (13, 14) and O (16, 17) , which show symmetrical chelation. A similar trend is observed in complex 2a where most of the chelating carboxylate ligands are asymmetric except for ligand O (16, 17) . (Table S5 , ESI †) cover a similar range to that (2.191-2.448 Å) of lanthanum cinnamate, also a seven coordinate unsolvated polymer, 21 and hLu-Oi is 2.27 Å in each case.
The decrease in the average Ln-O bond lengths for complexes 1, 2a, 6, and 7 (Table 2) is consistent with the combination of lanthanoid contraction and the reduced coordination number at the metal centres. Coordination of water varies from 1.5/Ln (1, 2a) to 2 (6) then 0 (7) . Solvent of crystallisation in the asymmetric units decreases from five (1; MeOH and 4H 2 O) to 3.5 (2a, 2.5EtOH and 1H 2 O) then 1.5 (6, 1.5H 2 O), and 1 (7, 1H 2 O), but solvation per Ln atom in the asymmetric unit (1.25, 1.75, 1.5 and 1 for 1, 2a, 6, and 7 respectively) varies little.
Bimetallic 2D polymeric networks of [NaCe 2 (4hpp) 7 showed them to be isotypic (Fig. S1 , ESI †). However, attempts to obtain suitable crystals of complex 3 for structure determination were unsuccessful, repeatedly yielding microcrystalline needles. Although the ligand binding modes of both complexes 2b and 4 are very similar, they are anisotypic as their unit cells are different with inequivalent b-angles and the ligation of a methanol instead of water molecule at the sodium centre of complex 4. The solvent of crystallisation is also different as complex 2b contains three lattice water molecules whilst complex 4 contains three methanol molecules and one water molecule.
Both complexes 2b and 4 form a bimetallic two dimensional network with very similar ligand binding modes to the metal centres. The same five unique carboxylate binding modes are observed in both complexes. There are two (7) . Symmetry equivalents used: complex 1 (#1 x, y À 1, z; #2 x, 1 + y, z), complex 2a (#1 1 À x, À y, 1 À z; #2 1 À x, 1 À y, 1 À z; #3 x, 1 + y, z), complex 6 (# x, 1 + x, z; #1 x À 1/2, 1/2 À y, z; #2 1/2 À x, 1/2 + y, z À 1/2), and complex 7 (#1 1 À x, 1/2 + y, 3/2 À z; #2 1 À x, y À 1/2, 3/2 À z; #3 x, y À 1, z). of a neighbouring chain (Fig. 3) . The metal-metal distances between Nd(1)Á Á ÁNd(2) and Nd(1)Á Á ÁNa(1) in complex 4 are 4.167 Å and 3.608 Å, respectively. There are two unique Ln metal centres with one being ten coordinate and the second being nine coordinate whilst the sodium metal centre is six coordinate in 2b and 4 ( Table 2 ). Comparison of the Nd-O bond lengths for ten coordinate Nd(1) ( Table S6 , ESI †) and nine coordinate Nd(2) with those of ten coordinate Nd in the adipate complex 17 and nine coordinate Nd in the anthranilate complex, 20 respectively, shows that the values are similar.
Given the facile loss of solvent of crystallisation for 2a and 6 as indicated by microanalysis and TGA and the facile replacement of coordinated and lattice MeOH by water in 4, it is probable that bulk 2a, 4 and 6 retain the structures determined for single crystals.
Corrosion inhibition
Because of our discovery that lanthanum 4-hydroxycinnamate provides the optimum corrosion protection for mild steel from examination of a wide range of lanthanoid carboxylates including many cinnamates and substituted cinnamates, 6,7 examination of the anti-corrosion properties of lanthanum 3-(4 0 -hydroxyphenyl)propionate 1 was of considerable interest. Both 1 and sodium 3-(4 0 -hydroxyphenyl)propionate were examined for their protective properties (200 ppm concentration) for a mild steel coupon in 0.01 M aqueous sodium chloride. Visual inspection of both coupons and examination under an optical microscope showed extensive corrosion (Fig. S3 , ESI †), hence neither showed useful inhibitor properties at a concentration at which lanthanum 4-hydroxycinnamate is particularly effective. The sodium salt was also ineffective at 2000 ppm. Because of the poor qualitative performance, electrochemical evaluation by linear polarisation resistance or potentiodynamic polarisation was not carried out. These negative results are highly significant, as they show that the -CHQCH-structural unit of the cinnamate/4-hydroxycinnamate ion is an essential structural feature for effective inhibitor performance.
Dissolution of 1 requires breakup of the coordination polymer, and the subsequent poor inhibitor performance of 1 may be related to low stability of La/4hpp complexes in solution. The mass spectrum shows no La 3+ containing complexes in the +ve ESMS, and no La(4hpp) species in the Àve ESMS even though the complex was examined in the poor donor solvent methanol. Thus carboxylate coordination is completely dissociated in solution. By contrast, the effective inhibitors lanthanum 4-hydroxycinnamate, 22 praseodymium 4-hydroxycinnamate 23 and lanthanum 3-hydroxycinnamate 23 examined in the highly coordination competitive environment of 0.01 M aqueous sodium chloride show the existence of [LnL 2 Cl 2 ] À , [LnL 3 Cl] À and [LnL 4 ] À complexes, which evidently account for the good protective properties.
Although Ln 3+ ions have some inhibitor properties, 24, 25 La 3+ is less effective than the optimum Ce 3+ , 24 and 4hpp À ions have poor inhibitor properties as indicated by the sodium salt ( Fig. S3 , ESI †). The lack of stable La/4hpp complexes in solution obviates synergic lanthanoid carboxylate corrosion inhibition observed for lanthanum 4-hydroxycinnamates. 6, 7, 25 Conclusions From reactions between lanthanoid salts and sodium 3-(4 0 -hydroxyphenyl)propionate both homometallic [Ln(4hpp) 3 (H 2 O) n ] and bimetallic [NaLn 2 (4hpp) 7 (solv) 2 ] complexes have been obtained and representative structures determined. The former are one dimensional polymers for which there is a decrease in the coordination number progressively from Ln = La (9-11), Ce (9, 10), Er (8), and Lu (7) , the last having no coordinated water. By contrast, bimetallics are 2D networks with a much wider range of carboxylate binding modes and cross-chain coordination of the 4-hydroxy substituent to sodium. The La complex is a poor inhibitor of corrosion of mild steel in contrast to the corresponding 4-hydroxycinnamates, thereby establishing that the -CHQCHÀ functionality of the latter is vital to the excellent anti-corrosion behaviour of lanthanum 4-hydroxycinnamate.
Experimental
General details
All commercially available solvents and chemicals were obtained from Sigma-Aldrich, BDH or Ajax and used without further purification. IR spectra were collected on a Perkin-Elmer 1600 Fourier Transform Infrared Spectrometer (FTIR) as Nujol mulls on NaCl plates. CH analyses were performed in the Campbell Microanalytical Laboratory, University of Otago, New Zealand. Metal analyses were affected by complexometric titrations with EDTA using Xylenol Orange indicator. Thermogravimetric analysis (TGA) was conducted using a Perkin-Elmer Pyris TGA instrument. X-ray powder diffraction (XRD) patterns were obtained on a Philips 1140 powder diffractometer with a Cu Ka source and the X-ray diffraction screen processing software, Traces Ver. 6.6.1, was used as a graphical interface. X-ray powder simulations were undertaken using LAZY PULVERIX 26 powder generation software from data obtained from low temperature single crystal X-ray measurements.
X-ray crystallography
Single crystals were mounted on fine glass fibres using viscous hydrocarbon oil and collections were carried out at 123 K using an open-flow N 2 Oxford Cryosystems cryostream. Single crystal X-ray crystallographic data were collected using either a Bruker X8 Apex II diffractometer or an Enraf-Nonius Kappa-CCD diffractometer, both utilising graphite monochromated Mo-Ka radiation (l = 0.71013 Å). Collection and refinement parameters are shown in Table 3 . Data were initially processed using the program SAINT 27 or DENZO program 28 for the respective instruments. Structures were solved using SHELXS-97 29 and refined using conventional alternating least-squares methods with SHELXL-97 29 or SHELXL-2014. The program X-Seed 30 or Olex2 was used as a graphical interface. Anisotropic thermal parameters were refined for nonhydrogen atoms except some atoms of the disordered fragments (complex 2a) and lattice solvent molecules (complex 4). Most hydrogen atoms were calculated and refined using a riding model, but those of lattice water molecules were located from the difference Fourier maps. High mobility of lattice solvent molecules in compounds 2a and 6 results in destabilisation of the refinement, thus they were treated using the Platon/Squeeze program. Bond distances and angles are provided in the ESI. † For compound 2b, data were very poor and it is included only for connectivity purposes.
Crystallographic data (excluding structure factors) for the structures reported in this paper and associated ESI † have been deposited with the Cambridge Crystallographic Data Centre as supplementary numbers CCDC 1055961 for compound 2a, 1055962 for compound 6, 1055963 for compound 1, 1055964 for compound 7, 1055965 for compound 2b and 1055966 for compound 4.
Syntheses
Treatment of 3-(4 0 -hydroxyphenyl)propionic acid, H(4hpp), deprotonated in situ with aqueous sodium hydroxide or of the preformed sodium salt (1, 6) , with hydrated lanthanoid chloride (1, 2a, 7) or nitrate (2b, 3-6), (mole ratio 3 : 1) in methanol (1-5) or water (6-7) at pH 6 gave lanthanoid 3-(4 0 -hydroxyphenyl)propionate complexes. The reaction mixtures were stirred at room temperature for a minimum of 3 hours. When precipitates (2b, 3, and 5-7) formed, they were filtered off and dried over silica. 1 and 4 deposited as crystals whilst crystals of 2b were mixed with the bulk precipitate. Crystals (3, 6, and 7) were obtained upon the slow evaporation of the mother liquor but the reaction with holmium nitrate (5), only gave a microcrystalline precipitate. Data reported are for the bulk precipitated samples except for complexes 1, 2a and 4 which were crystalline samples. Bulk samples were dried to a constant weight in a desiccator over silica gel.
[Na(4hpp)]. H(4hpp) was neutralised with aqueous NaOH (0.25 M) in EtOH resulting in a clear colourless solution. It was dried in vacuo and the resultant white solid was rinsed with diethyl ether, filtered and dried over silica gel. The isolated Na(4hpp) salt was used for the preparation of the lanthanoid complexes 1 and 6. 6 ]Á4(H 2 O) (1)) and 2000 ppm (for Na(4hpp)) in 0.01 M sodium chloride solution. The pH of the resultant test solutions was maintained within the range of 5-7. Mild steel alloy AS1020 coupons (cut to approx. 25 Â 25 Â 1 mm) used in the immersion tests were progressively polished with silica-carbide polishing papers of 240, 400, 800, 1200 and 4000 grits. The coupons were rinsed thoroughly with water and dried under flowing N 2 gas and used immediately after polishing and washing to ensure optimum surface conditions. The sample and reference coupons were immersed in a standard beaker (500 mL) containing the test solutions. Two sample coupons were suspended by Teflon-string and fully immersed at mid-depth in each beaker filled with 500 mL of test solution. The immersion coupon was left in place for seven days and the level of test solution was checked intermittently during the duration of the test and was readjusted as required to replenish water loss due to evaporation. The mouth of the beaker was covered with a filter paper to prevent contaminants (dust, insects, etc.) whilst still allowing free air flow. As the corrosion of the sample coupon progresses, it is important to avoid oxygen depletion in the test solution which affects the uniformity of the environment within the solution during the test duration. The post immersion cleaning procedure involved the rinsing of the coupons first with water and then with mild sonication in clean water for approx. one minute to remove rust clinging to the test coupons' surface. They were then dried by N 2 gas.
Both normal photography and an optical microscope (with up to 20Â magnification) were used for the visual inspection of the tested coupons. The general uniformity of the metal surface on the coupons was compared amongst the tested coupons with the blank coupons.
